Abstract The scope of the present study is to describe the cracking behavior of hydrocarbons and the reduction of sulfur in gasoline in fluid catalytic cracking (FCC) process using Zn-Mg-Al additives with varying the Mg/Al molar ratios. Experiments have been carried out on a microactivity-test (MAT) reactor using high-sulfur vacuum gas oil (VGO) feed and zinc impregnated Mg-Al spinels as additive and the commercial cracking catalyst. It was found that Zn-Mg-Al additives exhibited enhanced Lewis acidity compared with the corresponding Zn-free Mg-Al spinels. The MAT results indicated that the addition of additives reduced the yields of liquid petroleum gas and coke at low Mg contents but increased the coke yield at high Mg contents. Overall, the additives improved the yields of gasoline and diesel. It has also been shown that the rich Lewis acidity had a positive effect on the conversion of aromatic sulfur species of gasoline and the maximum reduction of gasoline sulfur was achieved with Zn/ Mg 4.0 Al 2 O 3 due to the synergistic effect of basicity and Lewis acidity.
Introduction
Environmental protection nowadays has been a general consensus worldwide and the better quality of motor fuels is required in the legislation of many countries [1, 2] . In this sense, sulfur contents in gasoline and diesel are expected to be reduced toward 10 and 50 ppm since the year 2010, respectively [3, 4] . In the case of gasoline pool, nearly 90 % of sulfur content comes from fluid catalytic cracking (FCC) gasoline in China and about 33 % in USA. Thus, an important effort of refineries is devoted to effectively reduce the sulfur coming from FCC unit by already existing technologies or developing more efficient and economical methods.
Hydrotreating of FCC feedstock and hydrodesulfurization (HDS) of FCC gasoline have been the commonly used and most effective processes for removing sulfur compounds [5] . However, they are limited by the high capital investment and operation costs, particularly the loss of octane number of gasoline in HDS process. Catalytic technologies, named as sulfur reducing additives, have been developed and should be the most economical and easiest implement among many new approaches, such as adsorption, oxidation, and extraction reactions for refineries [2, [6] [7] [8] .
The additives, typically the Zn, Zr, Mn, etc. doped metal oxides, can reduce the sulfur content in FCC gasoline by 10-30 % with less than 10 wt% of dosage in base FCC catalysts [9, 10] . Generally, alumina supported zinc oxide (ZnO/Al 2 O 3 ) are the commonly used components of additives and possess enhanced Lewis acidity which contributes to the adsorption and conversion of sulfur compounds. This mechanism has been more widely adopted [11] . However, recent research found that additives with mixed metal oxides as supporter, expressed as Mg(Al)O with the varying amounts of alkaline MgO, were also valid for reducing sulfur content of FCC gasoline [10, 12, 13] . Myrstad et al. [12] found Zn/Mg(Al)O additive had an inferior effect in reducing the sulfur content of naphtha to Zn/Al 2 O 3 in the same experimental conditions. In contrast, the former was found to be more effective for reducing the sulfur of gasoline as reported by Andersson et al. [10] . However, the composition of additives was not given in both reports. Vargas-Tah et al. [13] . proposed that the incremental substitution of Zn by Mg on Zn-Mg-Al additives reduced the Lewis acidity of the materials. But the correlation between acidity and sulfur reducing performance of FCC gasoline were not provided. In addition, the blends of additive and base catalyst usually caused the decrease of the conversion of feedstock and the increase of coke formation to a certain degree because of the dilution effect of base catalysts and the enhanced Lewis acidity on additives.
In this work, we studied the Lewis acidity of Zn-Mg-Al additives with the varying Mg contents and its effects on the performance of catalytic reactions of hydrocarbons and sulfur reduction of FCC gasoline.
Experimental section

Catalyst preparation
Mg-Al spinels were firstly prepared by the hydrothermal treatment and post-calcination method. The mixed aqueous solution of Mg(NO 3 ) 2 and Al(NO 3 ) 3 with different Mg/Al molar ratios (0.25, 0.5, 1.0, and 2.0) and glucose as template was titrated quickly with NaOH solution to completely precipitate the metal ions. The suspensions then were hydrothermally treated in a stainless steel vessel at 100°C for 24 h and followed by filtrating, drying, and heating at 550°C for 4 h. Thereafter, the prepared Mg-Al spinels were impregnated with Zn(NO 3 ) 2 aqueous solution of 0.8 mol/L at room temperature for 5 h. The catalysts were finally prepared with 10 wt% of ZnO on Zn-Mg-Al after calcination at 700°C for 3 h.
Characterization
The crystalline phase of the synthesized samples was determined by X-ray powder diffraction (XRD) patterns with a Bruker Axs diffractometer (Germany) using Cu-Ka radiation generated at 40 kV and 40 mA, scanning range from 5 to 80°at a speed of 0.01 o /s. N 2 sorption measurements at -196°C were carried out in a Micromeritics TRISTAR 3000 analyzer. The samples were previously outgassed at 300°C for 3 h. Specific surface area (S BET ) was calculated by the BET method using experimental points at a relative pressure of P/P 0 = 0.05-0.25. The pore-size distribution was derived from the desorption branch, using the BJH method [14] . Fourier transform infrared (FTIR) spectra were recorded on a Nicolet 6,700 spectrometer with a wide-band mercury-cadmium-telluride (MCT) liquid-nitrogen-cooled detector and a KBr beam splitter. The spectra of the samples were recorded by accumulating 64 scans at 4 cm -1 resolution in the spectral range of 500-4,000 cm -1 . The samples were firstly dehydrated at 400°C for 2 h under vacuum pressure and then cooled to the room temperature. Then the pyridine vapor was introduced for equilibrium adsorption and the system then was treated at constant temperature of 120°C and \2 9 10 -3 Pa for 2 h allowing the removal of physically adsorbed pyridine.
Catalytic evaluation
Catalytic activity tests of catalyst and additive were performed in an automated bench-scale micro-activity test (MAT) unit. The catalytic reactions occurred at 500°C for 75 s in a tubular stainless steel reactor with an inner diameter of 13 mm and length of 180 mm and 1.048 g of VGO feedstock (properties are shown in Table 1 ). Each additive was blended with the industrial equilibrium FCC catalyst labeled LVR-60R (properties were shown in Table 1 ) with a mass ratio of 1:9. To change the conversion of VGO, the catalyst-to-oil (CTO) ratio in the experiments was varied from 3 to 6 by changing the amount of catalyst usage.
The resulting cracking gases were collected and analyzed by a Varian 3800 gas chromatograph (GC) equipped with two thermal conductivity detectors (TCD) and a flame 2 and CO quantities after combustion. The conversion of VGO was defined as the weight percentage of feedstock converted to dry gas, liquid petroleum gas (LPG), gasoline, diesel, and coke. The Elemental Analyzer was also used for measuring the weight of total sulfur in liquid products. The sulfur mass distribution in liquid products was analyzed by a gas chromatograph (GC-450) with a pulsed flame photometric detector (PFPD) for the detection of sulfur-containing compounds.
Results and discussion
The XRD patterns of the prepared Mg-Al spinels are observed in Fig To give an insight into the textural properties of additives, N 2 adsorption and desorption isotherms and pore-size distribution for the samples are shown in Fig. 3 . All prepared samples had type IV isotherms with pronounced H2 hysteresis loops (Fig. 3a) , which were the characteristics of many mesoporous materials [17] . Taking Zn/Al 2 O 3 sample for example, the N 2 adsorption jump at the relative pressures of 0.4-0.8 was attributed to the capillary condensation in the mesopores [18] . The BJH pore-size distribution (Fig. 3b) demonstrated that all samples except Zn/ Mg 1.0 Al 2 O 3 exhibited the narrow pore-size distribution at about 3-7 nm.
For all samples, the specific surface areas (Table 2 ) decreased gradually from 199 to 128 m 2 g -1 at first upon increasing the Mg/Al molar ratio from 0 to 0.5 and increased gradually with the increase of Mg/Al molar ratio from 0.5 to 2.0. However, the pore volume and average pore width demonstrated the reverse trends and their values firstly increased and then decreased with the increase of Mg/Al molar ratio. The biggest pore size might be attributed to the good atomic compatibility of MgAl 2 O 4 supporter.
The acidity properties of all samples were determined by pyridine FT-IR spectra (Fig. 4) . The pyridine IR spectra showed that all samples had only the Lewis acidic sites (LAS) with the characteristic band at *1,445 cm -1 [19] . In addition, the associated shoulder band at higher wave number of 1,450 cm -1 was assigned to the LAS with stronger acidity strength [20, 21] . The results indicated that the amounts of LAS for Mg-Al spinels decreased with the increase of Mg/Al molar ratio. Although the content of alkaline MgO increased, the LAS amounts decreased firstly and then increased slightly for Zn-Mg-Al additives with the minimum acidity amount for Zn/Mg 1.0 Al 2 O 3 ( Table 2 ). It is noteworthy that both Mg 2? and Al 3? can be the LAS; therefore, at low Mg content, the LAS could be attributed to Al 3? sites while at high Mg content it should be attributed to Mg 2? sites [22] . The MgAl 2 O 4 spinel phase at the Mg/Al molar ratio of 0.5 possessed the lowest amount of LAS because of the good atomic compatibility. Additionally, all Zn-Mg-Al additives had higher acidity amounts than the corresponding Mg-Al spinels, indicating that the LAS on Mg-Al spinels were enhanced so that the pyridine was easier to be adsorbed on them. More importantly, the Lewis acidity strength was also enhanced with the appearance of a shoulder band at 1,450 cm -1 . MAT conversion versus CTO ratio for base FCC catalyst (E cat ) and its blends with additive are shown in Fig. 5 . The CTO ratio represents the average activity of catalysts that contact oil vapor. Therefore, the higher CTO ratio means the improvement of the contact opportunities between the active centers of catalysts and the hydrocarbon molecules. Generally, a higher CTO ratios are needed for blends with additive to achieve the same conversion compared with E cat alone. It can be attributed to the dilution effect of additives which possess a much lower cracking activity for hydrocarbons compared with E cat . However, the conversion of mixture with Zn/Al 2 O 3 was slightly higher than that of E cat at the same CTO ratio as reported previously [2] . It might be attributed to its highest acidity amount on all additives as described in this work (Table 2 ). It is noteworthy that Zn/Mg 4.0 Al 2 O 3 had a lowest MAT conversion at the same CTO ratio although it had a relatively higher Lewis acidity than Zn/Mg 1.0 Al 2 O 3 ( Table 2 ). It might be attributed to the increased basicity of additive with the increase of alkaline MgO. Therefore, the catalytic activity of hydrocarbons associated with both the acidity and the basicity of additives [12, 23] . Figure. 6 shows the product yields of LPG, gasoline, diesel, and coke as a function of MAT conversion for E cat without and with additive. The yields of LPG and coke formation increased with increasing the MAT conversion. Specifically, LPG yields were lower at conversion levels less than 78 % for additive-added catalysts compared with E cat alone. However, it increased rapidly with increasing conversion for additive-added catalysts. In contrast, gasoline yield increased with increasing conversion for E cat alone and it was lower than that with additive addition at the same conversion less than 80 %. At the same conversion for all blends with additives except Zn/Al 2 O 3 , diesel yields were a slightly higher than that for E cat alone while the coke yields for all blends with additives except Zn/ Al 2 O 3 were slightly higher than that for E cat alone. The highest coke yield of Zn/Mg 4 Pore volume (ml . conversion demonstrated that basic sites on it led to higher coke formation in spite of the existence of LAS. Table 3 shows the MAT reaction data obtained for E cat alone and its blend with additive at a constant VGO conversion of 77 wt%. Compared with E cat alone, the CTO ratio decreased firstly and then increased with the increase of Mg/Al molar ratio to achieve the same conversion level. The LPG yield decreased firstly with the increase of Mg/Al molar ratios from 0 to 0.5 and increased thereafter from 0.5 to 2.0, but a reverse trend was observed for gasoline yield. However, with the increase of Mg/Al molar ratio diesel yield showed an upward tendency, but slurry yield showed a downward tendency. Because gasoline was typically susceptible to secondary reaction and undergoes overcracking to produce LPG [8, 24] , therefore, the Lewis acidity of Zn/Al 2 O 3 additive enhanced the pre-cracking of slurry to form gasoline and diesel but reduced the secondary cracking of gasoline to form LPG [25] .
Here, a coefficient of the hydrogen transfer parameter (C HT ) was proposed to quantitatively analyze the degree of the hydrogen transfer reaction as reported in a few open literatures in which the C HT was defined as the ratio of the weight percentages between paraffin and olefin in LPG [3, 26] . Higher C HT indicated lower secondary cracking activity of liquid products especially gasoline and gasoline yields. Although the LAS amount was reduced after Mg doping when Mg/Al molar ratio was less than 1.0, the precracking of VGO was enhanced due to the decreased activity of nonselective hydrogen transfer reactions which was reflected in the low yield of coke. In addition, the basic sites of MgO exhibited high hydrogen capacity that contributed to the adsorption and desorption of hydrogen [12, 27] . However, the Zn/Mg 0.5 Al 2 O 3 had a higher C HT of 0.74 than that of Zn/Mg 1.0 Al 2 O 3 (C HT = 0.62) although the latter had higher Mg content. Therefore, the analysis of comparative results of Zn/Mg 0.5 Al 2 O 3 and Zn/Mg 1.0 Al 2 O 3 indicated that only combining with the Lewis acidity could the high activity of hydrogen transfer be achieved [2, 11] . However, the excess Mg on additives suppressed the secondary cracking of gasoline and diesel when Mg/Al molar ratio was more than 1.0. Hence, the higher CTO ratio was needed to achieve the same conversion level that led to higher coke yield and yields of gasoline and diesel.
The distribution of sulfur species in FCC gasoline cut obtained at the VGO conversion of 77 % for E cat alone and its blend with additive are displayed in Table 4 . The sulfur reducing abilities was determined by the differences of sulfur contents in gasoline cuts between E cat alone and Coke yield (wt%) VGO conversion (wt%) Fig. 6 Effect of conversion on LPG yields and gasoline yields with Zn-Mg-Al additives Table 3 The product distribution of FCC MAT reactions using different additives at a constant conversion of 77 %, the hydrogen transfer index is calculated by The detailed mechanisms for the sulfur removal reactions are not completely known yet, however, it is widely recognized that the LAS are the active sites for adsorbing sulfur-containing compounds onto the additive and/or base FCC catalyst and then cracking them at least the aliphatic sulfur species to form H 2 S [11] . An abundant of results in the open literatures suggested that there were two different reaction sequences accounting for the reduction of sulfur in FCC gasoline [28, 29] . The aromatic sulfur species were saturated by hydrogen transfer reactions and thereafter cracked to form H 2 S into gas phase, or the sulfur species could be transformed into heavier sulfur species which existed in other distillates out of gasoline boiling ranges. The results of sulfur distribution by Zn/Al 2 O 3 additive in this work agreed well with the above conclusion. However, Zn/Mg 4.0 Al 2 O 3 additive had an increased content of aromatic sulfur species but a decreased content of aliphatic sulfur species compared with Zn/Al 2 O 3 additive. In combination with the Mg/Al molar ratio and Lewis acidity (Table 2) , it was not hard to find that the reduced Lewis acidity of Zn/Mg 4.0 Al 2 O 3 additive was not effective for adsorbing and cracking aromatic sulfur species. However, the rich basic sites were effective for absorbing aliphatic sulfur compounds especially the mercaptans which had a nature of acid and providing enough hydrogen to crack them [11, 30] . Therefore, the reduction of sulfur species in gasoline using Zn-Mg-Al type additive was attributed to the synergistic effect of LAS and basic sites on the additive [11, 12, 27] .
Conclusion
Through this work, it has been shown that Zn-Mg-Al additives with the varying Mg contents and Lewis acidity made by impregnating Zn on Mg-Al spinels were able to give a significant impact on the conversion of VGO feed, coke formation, and sulfur reduction of FCC gasoline in the MAT experiments when blending with base FCC catalyst. The results have shown that the additive exhibited a positive effect on the conversion of VGO into gasoline and diesel, but gave unwanted decrease of the production of LPG. The excess Mg on additives gave unfavorable increase of coke formation. Additionally, it has been shown that the LAS played a key role in reducing the sulfur content of FCC gasoline following the similar ways as previously reported; however, the addition of excess Mg had a better effect on sulfur reduction particularly on aliphatic sulfur species due to the synergistic effect of basic sites and LAS on additives. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
